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Several sections of the thallus of an arctic population of brown macroalga Laminaria saccharina (L.) 
Lamour. were collected during April-June 1995, in the Kongsfjorden area at Ny-ABlesund, Svalbard and 
investigated for halogenating activity. Brominating activity was found in the blade only, while iodinating 
activity occurred in the whole thallus of L. saccharina. The highest activity occurred in the blade, while 
lower activity was detected in the stipe and holdfast. No evidence for chlorinating activity was found. 
Halogenating activity, which clearly depends on temperature, showed increasing rates with increasing 
temperatures between 5 and 35°C. 
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Introduction 
Biogenic halometabolites have a widespread 
occurrence in the environment and have been 
identified in organisms such as algae (Fenical 
1975), bacteria and fungi (Neidleman & Geigert 
1986) and higher plants (Harper 1993). While 
biogenic fluorinated substances are very rare in 
the environment because they are synthesised 
only by some higher plants and bacteria (Neidle- 
man & Geigert 1986), chlorinated substances have 
been found abundantly, predominantly synthe- 
sised by terrestrial organisms. Of all biogenic 
halocarbons that have been identified in the 
marine environment, brominated compounds are 
dominant, mainly synthesised by marine macro 
algae (Moore 1977). 
The functions of halocarbons in algal metabo- 
lism are still unknown. Since many of these 
substances have antifungal and antibacterial 
properties, halogenated compounds are thought 
t6 be part of the chemical defence system. There 
is substantial evidence that haloperoxidases are 
involved in the formation of biogenic halometab- 
olites (Geigert et al. 1984; Soedjak & Butler 
1990). These enzymes catalyse the formation of 
organic substances by the oxidation of halides in 
the presence of hydrogen peroxide (Itoh et al. 
1987). Haloperoxidases have been detected in a 
wide range of terrestrial and marine organisms 
(see Yamada et al. 1985; Wever et al. 1991; 
Harper 1993), and it has been shown that 
haloperoxidases are involved in the formation of 
halomethanes (Theiler et al. 1978; Walter & 
Ballschmiter 1992). 
Haloperoxidase activity has also been identified 
in various species of macroalgae growing in the 
arctic environments (Mehrtens 1994). Among the 
macroalgae investigated by Mehrtens (1994), an 
arctic population of brown alga Laminaria 
saccharina (L.) Lamour. showed high halogenat- 
ing activity. It has recently been found that L. 
saccharina releases large quantities of volatile 
halocarbons (Laturnus 1996). This has received 
considerable interest because L. saccharina is a 
source of halogen radicals which are involved in 
various atmosphere photochemical reactions, for 
example the depletion of ozone (Solomon 1990; 
Peter 1994). Considering its ability to halogenate 
organic matter and its widespread occurence in 
the arctic environment (Dunton et al. 1982; Cross 
et al. 1987), L. saccharina can be an important 
source of halometabolites in the Arctic. However, 
little knowledge exists about the distribution 
pattern and physiological significance of haloper- 
oxidases in arctic macroalgae. 
In this study, whole plants of L. saccharina 
were divided into several sections to localise the 
activity of halogenating organic compounds in the 
alga thallus and to study the temperature depen- 
dence of halogenating activity. Previous standard 
enzyme assays for halogenating activity have 
been used at 25"C, far above the temperatures of 
the environment of this sublittoral arctic popula- 
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tion of L. saccharina. Data on localisation, 
temperature and pH dependence of halogenating 
activity in L. saccharina are presented and the 
role of halogenating activity in algal life and 
halocarbon production is discussed. - 
20 cm 
Materials and methods 
Plant samples of L. saccharina were collected 
during the period April-June 1995, in the 
Kongsfjorden area at Ny-Ailesund, Svalbard 
(79"N, 12"E) at a depth of 4 to 8 m  from a 
rubber-boat by a benthic alga sampling device 
(after Heath and Singleton 1988). The thalli of 
three different plants (length 100-240 cm) were 
divided into 7 sections (see Fig. 1) and stored at 
-20°C until analysis. These sections were 
assayed for halogenating activity and temperature 
dependence. 
Due to the temperature sensitivity of the 
haloperoxidases all steps of algal preparation 
were carried out at temperatures below 5°C. Each 
algal sample was washed twice with cold distilled 
water for 30 seconds and blotted with paper tissue. 
Two to four grams of each algal section were 
homogenised in 10 ml of a 0.1 M KH2P04/ 
K2HP04 buffer (pH6) for 10 min. After centri- 
fugation, crude extracts were immediately used 
for activity measurements. Chlorinating and 
brominating activity was assayed spectrophoto- 
metrically by measuring the change in absorption 
at 278 nm (at 2 5 T ,  E = 12.200 cm-' M-') due to 
chlorinating or brominating of monochlorodime- 
done (MCD). The reaction solution contains 5p1 
(0.3pmol) MCD, 0.5 ml (60pmol) KBr/KCl and 
0.5 ml crude extract was added to 1.5 ml 
(300pmol) of buffer. A 0.2 M KH2POdK2HP04 
buffer was used with varying pH values from 4 to 
7 for determination of the pH dependence on the 
brominating/chlorinating activity. The reaction 
was started by adding 0.5 ml (6pmol) hydrogen 
peroxide to the reaction mixture. Reference 
mixtures contained all solutions without MCD. 
Blank tests were performed at pH optimum 
without adding hydrogen peroxide to the reaction 
mixture. 
Peroxidation of iodide was detennined spectro- 
photometrically by measuring the formation of 
triiodide at 350 nm (25"C, E = 26.400 cm-' M-I). 
The reaction solution contained 1.9 ml (3OOpmol) 
KH2P0JK2HP04 buffer at pH optimum of the 
Fig. 1. Thallus pats of an arctic population of brown macroalga 
Laminuria saccharina (L.) Lamour. investigated in this study: 
A - holdfast, B - stipe-lower part, C - stipe-upper part, D - 
blade-lower part, E - blade-lower middle part, F - blade upper 
middle part, G - blade-upper part. 
brominating activity, 0.5 ml (15 pmol) KI and 
0.5 ml crude extract. The reaction was started by 
adding 0.1 ml (12 pmol) hydrogen peroxide. The 
reference contained no hydrogen peroxide. Blank 
tests were measured without the crude extract to 
determine oxidation of iodide by hydrogen 
peroxide (Mehrtens 1994). Temperature depen- 
dencies of halogenating activities were investi- 
gated using a thermostatic regulated cell. The 
spectrophotometric assays were done by varying 
the temperature in the cell from 5 to 35°C and 
measuring the change in absorption at 278 nm and 
350 nm, respectively. 
One unit (U) of enzyme activity is defined for 
chlorinationlbromination as the amount of en- 
zyme capable of catalysing the halogenation of 
1 : mol monochlorodimedone per minute (Moms 
& Hager 1966), and for iodination the amount of 
enzyme that catalyses the halogenation of 1 pmol 
hydrogen peroxide per minute (Vilter et al. 1983). 
All chemicals were commercial products of 
analytical grade (p.a.). Monochlorodimedone 
was purchased from Sigma, Deisenhofen, and 
dissolved in ethanol. Ultraviolet spectras were 
recorded with a Spectrophotometer UVIKON 810 
from Beckmann, Germany. 
Spectrophotometric measurements of enzyme 
activity are a commonly used method for the 
determination of haloperoxidase activity in algae 
(Yamada et al. 1985). In crude extracts, unknown 
enzymic and chemical mechanisms can influence 
the reaction. Therefore, the detected activity is 
mentioned as halogenating activity only. The 
performance of blank tests was necessary to see 
whether a change in adsorbence already occurred 
without adding the oxidizing agent or crude 
extract. For the brominating activity, no changes 
of adsorbence were observed for any of the 
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Fig. 2.  Brominating and 
iodinating activity detected 
along the thallus of three 
different plants of an arctic 
population of brown macroalga 
Laminaria saccharinu 
(measured at 25°C and pH 6). 
A - holdfast, B - stipe-lower 
part, C ~ stipe-upper part, D - 
blade-lower part, E - blade- 
lower middle part, F ~ blade 
upper middle part, G - blade- 
upper p a .  Values are m u  g-' 
wet algal weight as mean of 
triplicates i standard deviation. 
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blanks. However, for the iodinating activity, 
blanks in the range of 9-26% of the detected 
activity for the crude extracts were sometimes 
found. Appropriately, values of the iodinating 
activity determined after adding the crude extracts 
were corrected. 
Results 
The distribution pattern of halogenating activity 
detected in the thallus of the three different single 
plants of L. saccharina is shown in Fig. 2. 
Brominating activity was detected in the blade 
(sections D-G), but not in the holdfast (section A) 
and stipe (sections B and C). Additionally, pH 
dependence of brominating activity in the blade 
was examined with a pH optimum for bromina- 
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tion between 5 and 6 (Fig. 3). The pH-activity 
curves, however, exhibited plateaus with a less 
evident identification of the actual pH optimum. 
Brominating activity was not distributed homo- 
geneously in the blade (Fig. 2). Higher halogenat- 
ing activity was found in sections E and F of the 
blade than in the basal and distal sections D and 
G. This pattern of activity distribution was found 
for all single plants investigated. Although the 
distribution pattern of the iodinating activity in the 
blade was similar to that of the brominating 
activity, values were always lower than €or the 
brominating activity (Fig. 2). Additionally, stipe 
and holdfast also showed iodinating activity, but 
with considerably lower values than found in the 
blade. 
The influence of temperature on the halogenat- 
ing activity in the thallus of L. saccharina is 
shown in Fig. 4. Both brominating and iodinating 
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activity were strongly dependent on temperature. 
However, lower values for the iodinating activity 
compared to the brominating activity were found 
at all temperatures in all sections of the blade. 
Furthermore, the activity of iodinating organic 
compounds was detected in the stipe and holdfast, 
whereas brominating activity could not be mea- 
sured in these parts of the plants, even at higher 
temperatures. An influence of the temperature on 
pH dependence of the halogenating activity could 
not be observed (Fig. 3) .  The pH optimum did not 
change due to increasing incubation temperature. 
Discussion 
The results clearly show the blade to be the most 
important and interesting part of the thallus for 
halogenating activity. Contrary to the blade, 
which possesses the highest brominating and 
iodinating activity, the stipe and holdfast showed 
no brominating activity, perhaps due to the 
absence or inhibition of the halogenating activity. 
All algae samples investigated showed different 
brominating and iodinating activity along the 
blade with high activity in sections E and F and 
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400 Fig. 3. pH dependence of the 
brominating activity measured 
in the lower middle part of a 
blade (section E) of brown 
macroalga Laminaria 
saccharina (measured from 
alga no. 2, see Fig. 2) at 
0 different temperatures. Values 
are mU g- '  wet algal weight as 
mean of triplicates * standard 
deviation. 
200 
lower values in sections D and G. These variations 
in activity can depend on different metabolic 
activities in the various parts of the blade, 
possibly caused by the different ages of the single 
parts of a blade. Section D is the youngest part 
with the meristem while section G is the oldest 
section of the alga (Fritsch 1961). Interesting is 
the strong variation in halogenating activity 
within the different single plants of L. saccharina 
investigated in this study (Fig. 2). Although the 
distribution pattern of the activity was the same in 
every single plant investigated, the values of 
activity are clearly different. The reasons for this 
variation are unknown, but it is possible that the 
different growth ages of the single plants are 
responsible. 
The halogenating activity of the arctic L. 
saccharina studied is considerably influenced by 
temperature. As L. saccharina grows in the 
middle to lower sublittoral zone (3  to 15m), it 
is not subjected to large variations in temperature 
which occur for example in the tidal to upper 
sublittoral zone due to tidal fluctuations and 
weather conditions (Laturnus 1993). Hence, 
adaptations of halogenating activity to low 
temperatures were expected. Contrary to this, L. 
saccharina showed a higher halogenating activity 
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Fig. 4. Temperature 
dependence of the brominating 
and iodinating activity detected 
along a thallus of brown 
macroalga Laminaria 
saccharina (measured from 
alga no. 2, see Fig. 2) measured 
at pH 6. A - holdfast, B - stipe- 
lower part, C - stipe-upper part, 
D - blade-lower part, E - 
blade-lower middle part, F - 
blade upper middle part, G - 
blade-upper part. Values are 
mU ggl wet algal weight as 
mean of duplicates. To avoid 
confusion, the variations of the 
duplicates are not included in 
the graphic. 
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with increasing temperature far above the envir- 
onmental conditions in this region. As ubiquitous 
in the northern hemisphere (Luning 1990), L. 
saccharina also occurs in regions with higher 
environmental temperatures. Considering the 
higher production or activity of enzymes in 
temperate populations of L. saccharina, it might 
be supposed that temperate populations would 
exhibit a higher halogenating activity than arctic 
macroalgae populations, but this has yet to be 
verified. 
Haloperoxidases are involved in the formation 
of halocarbons (Theiler et al. 1978; Neidleman & 
Geigert 1986). However, the fate of halogenated 
substances inside the alga formed by haloperox- 
idases still remains unknown. Although places of 
high halogenating activity were localised and the 
potential of halogenating activity was determined, 
little can be said about the kind of halometabolites 
synthesised and their importance under natural 
conditions. Laturnus (1996) assayed the release of 
volatile halocarbons (VHOC) from different 
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400 
brominating activity 
sections of an arctic population of L. saccharina 
and found high concentrations emitted by the 
blade, whereas the stipe and the holdfast released 
only lower quantities. This clearly indicates that 
the places of VHOC release are identical with 
detected halogenating activity. Therefore, a for- 
mation of volatile halocarbons by haloperoxidases 
may be acceptable. Metabolic pathways by which 
VHOC such as bromoform are synthesised have 
been discussed by several authors (see Fenical 
1975, Theiler et al. 1978, and Neidleman & 
Geigert 1986). A correlation (p < 0.001) has been 
found for the brominating and iodinating activity 
(Fig. 5). Therefore, the occurrence of only a 
bromoperoxidase in L. saccharina may be possi- 
ble. 
Bromoperoxidases can catalyse the oxidation of 
bromine and iodine, but not the oxidation of 
chlorine (Geigert et al. 1984). De Boer et al. 
(1986) reported the presence of a vanadium (V)- 
containing bromoperoxidase in a temperate popu- 
lation of L. saccharina (collected at Audresselle, 
France), which can be present also in the arctic 
population of L. saccharina studied here. Wever 
et al. (1991) showed the localisation of bromoper- 
oxidases on the thallus surface of the brown 
seaweed Ascophyllum nodosum (L.) Le Jol. and 
the release of hypobromous acid (HOBr) into 
seawater. Hypobromous acid, an extremely reac- 
tive species, reacts with organic matter and may 
be a major step in the formation of VHOC. 
Another pathway can be the intracellular bromi- 
Fig. 5 .  Linear correlation 
(r = 0.921, p < 0.001. n = 48) 
between the brominating and 
iodinating activity detected in 
the thallus of an arctic 
population of brown macroalga 
Laminuria succhurina. Values 
are mU g-' wet algal weight. 
nation of ketones present in algae, which decay 
via haloforin reaction to polyhalomethanes (Thei- 
ler et al. 1978). Since volatile halocarbons are 
assumed to take part in the depletion of ozone in 
the arctic atmosphere (Finnlayson-Pitts et al. 
1990), it is important to characterise the sources 
of these substances to estimate the biogenic 
contribution to the halocarbon burden in the 
Arctic. 
The investigation of L. saccharina as a wide- 
spread distributed macroalgal species in the Arctic 
showed a possible influence of this alga on the 
halocarbon input into the arctic environment. 
High brominating and iodinating activity impli- 
cated in the formation of halocarbons were 
detected in the blade as the main part of the alga. 
An influence of temperature on the activity was 
observed as increasing temperature led to a higher 
brominating and iodinating activity. Furthermore, 
other factors such as the season, light conditions 
or algal age may also have non-negligible effects 
on the halogenating activity. Information on this 
field is, however, still scarce. Measurements of 
these parameters would contribute to understand- 
ing the role of macroalgae in producing and 
releasing halocarbons into the arctic environment. 
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